We present results that compare the accuracy of the AM05 density functional [1, 2] to a set of chemical reaction energies. The reactions were generated from the singlet species in the wellknown G2 test suite [3, 4] . Our results show that, in general, the AM05 functional performs nearly as well as the other "pure" density functionals, but none of these perform as well as the hybrid B3LYP functional. These results are nonetheless encouraging because the AM05 functional arises from very simple assumptions, and does not require the calculation of the Hartree-Fock exchange integrals.
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I. INTRODUCTION
Density functional theory (DFT) [5, 6] has become a central method in computational chemistry for understanding the energetics involved in structural changes to molecules and clusters. Conventional wisdom in the field states that hybrid density functionals, that is, functionals that combine the traditional DFT exchange with some amount of Hartree-Fock (HF) exchange [7] , are required to produce chemical accuracy in molecules. The use of hybrid functionals is often associated with Becke [7] and the B3LYP functional, which combines HF exchange with the Becke 88 exchange functional [8] and the Lee, Yang, and Parr [9] correlation functional, and is the most widely-used DFT functional in chemistry. However, the use of hybrid exchange is not limited to B3LYP, and has been included in many other functionals [10, 11, 12] .
The difficulty with the inclusion of any amount of HF exchange is that its computation is substantially more expensive. In non-periodic systems, molecules and clusters, this expense is normally small compared to the overall cost of the calculation. In solids, however, computation of the HF exchange represents a substantial portion of the overall computational expense. The situation presents something of a conundrum for those interested in chemical reactions in the condensed phase: the inclusion of the exchange is necessary for chemical accuracy, but renders the calculation intractable. Proper treatment of, say, heterogeneous catalysis, with density functional theory requires that the functional perform equally well for both molecules and solids. We therefore seek a pure density functional (one without HF exchange) that is capable of describing both molecules and solids.
The AM05 density functional [1, 2] is one solution to this problem. AM05 is a simple density functional designed to describe electronic surfaces accurately. AM05 uses a subsystem functional approach [13, 14] to include the effect of electronic surfaces via the Airy gas [13] , while still retaining the physical consistency arising from the uniform electron gas approximation in the LDA. In recent investigations [2] it has been shown to provide the same accuracy as hybrid functionals in calculations of bulk properties of solids, at a fraction of the computational cost. Our goal in the current paper is to understand how well this functional performs for chemical reactions.
As the spin-polarized version of AM05 is currently under development [15] , we chose the subset of the G2 test suite [3, 4] having singlet ground states, computed the optimized 2 structures for these compounds using the AM05, BLYP, PBE [16] and B3LYP density functionals. We then compute a wide range of chemical reaction energies using the total energies from these calculations. Our results suggest that, although none of the pure density functionals (i.e. BLYP, PBE, and AM05) perform as well as the hybrid functional we consider, AM05 performs roughly as well as the other two, suggesting that it can be used for accurate calculation of chemical reaction energetics is solids, where such numbers might otherwise be impossible to compute.
II. COMPUTATIONAL METHOD
The AM05 functional is described at length in reference [1] . The Massively Parallel Quantum Chemistry (MPQC) program [17] was used for the calculation of the electronic structure of all species considered for each of the functionals. We used the 6-31G** double-ζ-plus-polarization basis set in all calculations, and computed optimized geometries for each structure. The total energy of each structure was used to compute the reaction energy for the range of reactions being considered. In the computation of DFT energies, we do not include corrections due to zero-point vibrational energy. From these energies, we compute the reaction energy, the total energy difference between reactants and products, for a series of reactions of general interest. In the results section, below, we report the relative errors for these reaction energies with respect to the G2 energies for the B3LYP [7, 8, 9] , BLYP [8, 9] , PBE [16] , and AM05 [1, 2] functionals. It is also worth noting that throughout this study we are comparing pure DFT total energy values to G2 values that have additional corrections, such as zero-point vibrational energy, that can be substantial for some of the reactions we consider.
III. RESULTS
In this section we report the reaction energies for a variety of reactions constructed from the singlet molecules in the G2 test suite. Our aim in this comparison is to demonstrate that, although there can be quite substantial differences in the total energies that result from AM05 as compared to other density functionals, this functional can still be used to study the energy of a variety of chemical reactions. To facilitate the discussion in this section, we 3 have grouped the reactions into broad categories related to the chemistry occurring in each case. Such a grouping is not intended to be canonical, as in some cases a reaction could be categorized in multiple groups, but rather as an aid to the discussion of the broad trends of the results. In each section we present the reactions and their energies with the different density functionals, with the results presented as mean absolute errors (MAE), with respect to the appropriate G2 energies. Table I shows the errors in the various hydrogenation energies relative to the G2 reference energies. In general, the AM05 errors in the hydrogenation energies are similar to, but greater than, the errors produced by the other standard density functionals (BLYP and PBE), all of which are significantly greater than the errors produced by the hybrid functional 4 B3LYP. For AM05, the most problematic reactions involve the hydrogenation of triple bonds such as in C 2 H 2 or N 2 , a difficulty that is also reflected to a lesser degree in the other pure density functionals. 
A. Hydrogenation reactions
B. Oxygenation reactions
.212 13.839 11.593 9.595 Table II shows the errors in the various oxygenation energies relative to the G2 reference energies. Here the AM05 functional performs very well compared to the others, with a MAE of 9.115, close to the value of 8.140 achieved by B3LYP, and better than that of the other pure density functionals. The largest error for AM05 comes from the reaction
, which potentially continues the trend with triple bonds giving difficulties for the AM05 functional relative to other chemical moieties.
C. Nitrogen addition reactions Table III shows the errors in the various nitrogen addition reactions, relative to the G2 reference energies. Here all functionals perform fairly well, with MAE values that span from 4.8-6.6 kcal/mol, with B3LYP being the best of these, and AM05 being the worst.
It is difficult to draw too many conclusions about the trends in the AM05 behavior. The worst behavior is for the reaction C 2 H 2 + HCN ⇀ ↽ CH 2 =CHCN, and one would be tempted to attribute the poor behavior to the triple bond, which is problematic in other reactions studied in this paper, but the reaction CH 4 + HCN ⇀ ↽ CH 3 CN + H 2 , also containing the HCN molecule, is one of the reactions on which AM05 performs best. AM05 also does poorly on the formation of acetamide, CH 3 CHO + NH 3 ⇀ ↽ CH 3 CONH 2 + H 2 , but as the other functionals all do similarly poorly, this is not a fault of AM05 alone. Table IV shows the errors in the various halogenation energies, relative to the G2 reference energies. In general, this is another class of reactions in which the AM05 functional out performs the other pure density functionals, and performs nearly as well as the hybrid B3LYP functional. There are two important points to make for these reactions. First, although it is true that AM05 performs as well or better than the other density functionals for these reactions, in general the reaction energies for these reactions have larger errors than do the other reaction groups we consider here. Moreover, there are a number of systems, in particular those containing F atoms, which all of the functionals in general, and the AM05 Table V shows the errors in the various sulfur addition reactions, relative to the G2 reference energies. There are too few reactions here to draw very extensive conclusions about trends in the energetics. In general all of the functionals perform well for these reactions, with the AM05 functional yielding slightly higher errors relative to the G2 reference energies than the other reactions. Notable is that AM05 shows a higher error for the formation of C 2 H 4 S, which has considerable ring strain, than do the other functionals. This might indicate a difficulty with ring strain, although the somewhat analogous reaction C 2 H 4 + HOOH ⇀ ↽ C 2 H 4 O + H 2 O forming oxirane rather than tioxirane is a reaction that AM05 has a much smaller error relative to the G2 reference energies than do the other functionals. Table VI shows the errors in the various isomerization reactions, relative to the G2 reference energies. In general, the performance of all the functionals is quite good. Here the AM05 functional does worse than either of the other pure functionals. We note, in particular, that the trend of the errors being highest for reactions that either have ring strain or triple bonds continues with these reactions as well. Table VII shows the errors in the various carbon and silicon addition reactions, relative to the G2 reference energies. Several species in this category reveal problems for the AM05 functional. The reactions containing CO show the problem that AM05 has shown in other reactions with triple bonds. But of greatest concern is the results for benzene formation from acetylene, which shows a error in the reaction energy of 38.4 kcal/mol. The latter reaction also poses significant trouble for the PBE and B3LYP functionals. It is also worth restating that throughout this study we are comparing pure DFT total energy values to G2 values that have additional corrections, such as zero-point vibrational energy, that are substantial for some of these reactions.
D. Halogenation reactions
F. Isomerization reactions
IV. CONCLUSION
None of the pure density functionals achieves the accuracy, compared to the G2 data, that the hybrid B3LYP functional achieves. The data presented in tables I-VII are summarized in It is dangerous to draw too many conclusions from the grouped reaction energies as displayed in table VIII about why different functionals perform well in some cases and poorly in others. In general, the AM05 functional performs most poorly in systems with ring strain and triple bonds. Because the AM05 functional is based on two model systems that are infinite, the uniform electron gas and the Airy gas, there are problems in systems with confined densities, which will be addressed in the successors to the AM05 functional.
In spite of the fact that the AM05 functional performs slightly worse with respect to the G2 data than the PBE and BLYP functionals, we are heartened by the results here.
In the derivation of the AM05 functional, no adjustable parameters, and no knowledge of chemistry or even molecules were used. The lack of adjustable parameters, and the lack of a need for the Hartree-Fock exchange to be computed are shared by the BLYP and PBE 
